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ABSTRACT

Fites, Kateri Elizabeth. M.S.B.M.E., Purdue University, May 2014. Biomechanics and
relaxivity for functional imaging of articular cartilage injury and degradation. Major
Professsor: Corey P. Neu.

Osteoarthritis (OA) is a major debilitating health concern and economic burden
worldwide, affecting 27 million people in the United States alone. OA often follows
tissue injury, and is marked by changes in the structure and biomechanical function of
cartilage, including breakdown of extracellular matrix molecules, loss of bulk tissue
stiffness, and increase in articular surface friction and wear. Unlike bone and many other
tissues, cartilage lacks an intrinsic capacity for regeneration. Advanced OA is typically
diagnosed by patient symptoms (e.g. joint pain) and confirmed by radiographic
evaluation of joint space narrowing. However, the application of functional imaging to
assess cartilage physiology may provide an early diagnosis of joint changes prior to
patient symptoms. One such functional imaging modality, magnetic resonance imaging
(MRI), may be used to characterize the mechanics of joint cartilage in vitro and in vivo,
but it has not yet been applied to evaluate cartilage injury in defined damage models.
Here, we studied the changes in MRI-assessed intratissue strain following cartilage
injury, and correlate those changes with traditional assessment metrics such as relaxivity,
biochemical composition, and microstructure. Osteochondral samples were harvested
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from the load-bearing region of juvenile bovine knees. Samples were exposed to
injurious compressive loading at 100% strain/second and incubated over four weeks.
Tissue strain throughout the cartilage interior was measured by displacements under
applied loading by MRI (dualMRI) and coregistered to relaxivity measures of T1 and T2.
Proteoglycan and collagen content, cartilage microstructure, and cell viability were also
assessed by biochemical, histochemical, and microscopy assays. Injurious compressive
strain magnitudes of 50% resulted in decreased chondrocyte viability. By three weeks
post-injury, dualMRI strains in the compressive loading direction of injured cartilage
increased compared to controls, suggesting a regional loss of tissue stiffness. T2 and
sample height increased with incubation time. Changes in proteoglycan and collagen
content, and microstructure, were also observed to change with incubation time. These
finding indicate that dualMRI may be a promising technology to detect and diagnose the
early onset of injury-related degeneration compared to conventional techniques like MR
relaxivity. The results also indicate the utility and potential for functional imaging to
assess disease progression and treatment.
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CHAPTER 1. BIOMECHANICS AND RELAXIVITY FOR FUNCTIONAL IMAGING OF
ARTICULAR CARTILAGE INJURY AND DEGRADATION

1.1. Abstract
Objective: To quantify the biomechanicand intratissue strain changes in cartilage
following injury and prolonged incubation utilizing displacements under applied loading
by MRI (dualMRI), and to relate these measures with relaxivity, biochemical
composition, and microstructure.
Methods: Osteochondral samples were harvested from the femoral condyles of
juvenile bovine knees and subjected to varying levels of injurious compression at a
100%/second strain rate to determine a damage model using cell viability assay. Samples
from the determined damage model were incubated up to four weeks. The intratissue
strain was then measured by dualMRI and coregistered to relaxivity measures (T1, T2).
Strain and relaxivity maps were created using ImageJ and MATLAB. Proteoglycan and
collagen content, cartilage microstructure, and cell viability were also assessed.
Results: Injurious compressive at 50% strain from osteochondral plugs from loadbearing region of the condyles resulted in the largest decrease chondrocyte viability. At
three weeks post-injury, dualMRI strains in the loading direction of injured cartilage
increased compared to controls, suggesting a regional loss of tissue stiffness. T1, T2,
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sample height, and proteoglycan and collagen content increased with incubation time, but
not as an interaction effect between time and injury.
Conclusions: These finding indicate that dualMRI may be a promising technology
to detect and diagnose the early onset of injury-related degeneration compared to
conventional techniques like MR relaxivity. The results indicate the utility and potential
for functional imaging to assess disease progression and treatment.

1.2. Introduction
Functional imaging refers to the visualization and quantification of tissue and
organ physiology using medical imaging modalities. Magnetic resonance imaging (MRI)
is one technique that is capable of assessing the function of articular cartilage and other
soft biological tissues by nondestructively measuring mechanical changes during disease
and repair in patients. MRI has been used to measure the stress and strain in articular
cartilage from animal models and humans with variable levels of osteoarthritis (OA)
severity [1-7]. Because of the noninvasive nature of MRI, analysis of changes in
biomechanical properties within the body can be studied and diagnosed with little to no
harm to the sample or patient with precise conclusions such as that of the prevalent and
debilitating biomechanical disease osteoarthritis.
OA affects 27 million people in the United States alone and is an economic
burden, doubling the healthcare costs of patients that have it [8, 9]. OA is defined as the
structural and functional loss of joint cartilage resulting in higher friction, degradation
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and wear in the joints with early markers being increased water content (swelling),
collagen matrix disorganization and loss of proteoglycan content [10-12]. This
degenerative disease is usually diagnosed by patient symptoms (e.g. joint pain) and
confirmed by joint space evaluation using radiographs [13].
MRI has been used minimally in the diagnosis of OA by imaging surface defects
or determining relaxivity properties [13-15]. The primary diagnosis of OA using MRI
uses the relaxivity property T2 which is based on the water and collagen content in
cartilage [16, 17]. The use of the T2 relaxation time is limited as it is higher at moderate
levels of OA than normal cartilage or high OA due to increased swelling at early stages
of OA [14, 18]. The use of only relaxivity parameters in analyzing OA with MRI is just
the being of the potential MRI has in determine properties, including biomechanical
properties, of mechanical diseases.
Displacements under applied loading by MRI (dualMRI) has been used to
determine the displacement and strain fields within cartilage samples [1, 3, 19] and
within entire joints [4, 6, 7]. Displacements and strains vary as a function of depth into
the cartilage and the location within the joint [2]. In addition, properties (e.g. superficial
zone protein) between load-bearing and non-load-bearing regions of femoral condyles
differ which may result in OA often being more sever in load-bearing regions than in
non-load-bearing regions [20-22].
MRI has many challenges including the need for high special resolution and a
trade-off between patient radiation, time and high signal, but it has potential to gain
insight into the mechanical changes that occur in vivo. Current diagnosis methods such as
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patient symptoms, radiograph evaluation of joint space and relaxivity parameters, only
account, if at all, for some of the structural changes; the mechanical changes are
neglected. As OA is marked by the articular cartilage’s loss of both structure and
function, dualMRI can address both of those component [10]. It allows for the noninvasive analysis of structural changes, like cartilage thickness and defects, and
functional changes, like mechanical stress and strain. Being able to understand how
forces, such as a walking gait, impact strains seen by cartilage, both healthy and at
various stages of degradation, will allow for better diagnosis and eventually monitoring
of treatment of OA. Our objective is twofold. Our first goal is to determine the changes in
intratissue strains after cartilage injury, and the second is to correlate those changes with
traditional parameters such relaxivity properties, biochemical composition and
microstructure in order to provide a well-rounded understand of OA diagnosis.

1.3. Methods

1.3.1. Overview
Tissue was harvested and incubated before injurious compression. After injury a
combination of MRI and assays for cell viability, histology and biochemical content were
performed (Figure 1).
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1.3.2. Tissue Harvest
Five to seven month old bovine calf knees were obtained from a local abattoir
(Dutch Valley Foods, Holland, IL). Knees were harvested in an aseptic environment 4872 hours after slaughter. The joint capsule was opened by first palpating the patella
tendon and then transversely sectioning the joint, distal to the femur and proximal to the
tibia, while avoiding any damage to the cartilage. A 5.5 mm diameter core punch was
used to remove osteochondral plugs from the femoral condyles perpendicular to the
surface. Plugs were removed from the punch using a 4.75mm rod applied to the
subchondral bone in order to minimize damage to the articular surface. Samples were
washed twice in 1X phosphate buffer saline (PBS) and placed in a 12 well plate labeled
with the condyle location (medial, lateral, load-bearing, non-load-bearing). Care was
taken in handling the sample to avoid damage to the articular surface. In a sterile culture
environment, the osteochondral plugs were cut to a 1.5 mm height with a custom cutting
device to remove most of the subchondral bone while maintaining most of the cartilage’s
full thickness. The sample was placed in a sterile 12 well plate and rinsed an additional
three times with 1X PBS to minimize infection risk. Three milliliters of Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% FBS, 1% penicillin
streptomycin, and 1% bovine serum albumin and L-Ascorbate-2-phosphate (BSA/ASC)
(Life Technologies, Carlsbad, CA) was added to each well before placing in the incubator
for 24-48 hours to allow for equilibration of the samples. For longer incubation times,
samples were placed in DMEM with 10% FBS for 1-4 weeks with media changed every
1-3 day to ensure adequate nutrition.

6

1.3.3. Damage Model
Samples were mechanical injured with by single impact compression in an aseptic
environment. A load cell (LPM512-250; Cooper Instruments & Systems, Warrenton,
VA) was calibrated on a materials testing system (TestResources, Shakopee, MN), and
the height was calibrated using a soft shim of known height. The control was place on the
stage away from the indentor, and the sample to be injured was placed centered under a
flat indentor (diameter = 19 mm). The sample’s height was determined within 0.1mm
with a preload of 0.2-0.4 MPa. A text file using the using the height rounded down to the
nearest 0.1mm was used to apply a strain at 100% per second. Surface damage was noted.
Strain level for the damage model was determined by running samples at various
strains. All samples were assumed to have a height of 1.6 mm. Samples were run at 0%
(n=66), 10% (n=20), 20% (n=20), 30% (n=18), 40% (n=17), and 50% (n=16) strain
magnitudes at 100% strain/second. Additional samples (n=25) from load-bearing and
non-loadbearing regions of the condyles were preloaded to determine their height and
injured at 50% strain magnitude at 100%/second.
The damaged model was evaluated using a cell viability assay. The assay was run
by cutting samples into hemicylinders and placing in a 24 well plate. One milliliter of
solution composed of 1 µL of CalceinAM and 2 µL of pyridinium iodide (Life
Technologies, Carlsbad, CA) per 1 mL of media was added to each well. Care was taken
to avoid contact between forceps and cut and articular surfaces. The well plate was
covered with aluminum foil to protect solution from light and incubated at 37°C for 15
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minutes. Hemicylinders were placed cut surface down on glass coverslips and imaged
using a confocal microscope (Olympus) at 488 nm and 543 nm wavelengths. Images
were analyzed using MATLAB (R2012a, Mathworks, Natick, MA) and a cell
identification and counting algorithm [23] The number of live and dead cells was
determined and normalized by the total number of cells.

1.3.4. Relaxation Mapping
MRI relaxivity (T1 and T2) values were determined throughout the interior of
cartilage samples and at voxel locations that were coregistered to dualMRI data described
subsequently. Images were acquired with a 256256 matrix of pixels, 0.10.1 mm2
spatial resolution, and a 1.0 mm slice thickness. For T1, TE=8.84 ms and TR= [75.1, 150,
250, 500, 1000, 2000] ms. For T2, TE= [8.8, 26.5, 44.2, 66.9, 79.6] ms and TR=1000 ms.
Relaxivity maps were reconstructed from scans using a custom MATLAB program and
monoexponential curve fitting.

1.3.5. Strain Mapping
Intracartilage strain patterns were measured using dualMRI (n=4 for all groups
except n=3 for week 2 controls) [3, 7]. Cyclic loading (4 N) was applied to articular
cartilage samples using a hemispherical indentor (diameter = 12.75 mm) controlled by a
custom pneumatic actuation system. Briefly, the deep zone of cartilage was adhered with
cyanoacrylate onto an MRI-compatible bioreactor fabricated with non-ferromagnetic
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components. The device was placed inside of a 14.1 Tesla (T) MRI system (Bruker
Medical GMBH) with a 30 mm RF coil. Media was added around the sample to maintain
tissue hydration and to act as an image contrast. LABVIEW program set loading to the
sample with a 1.5 second loading period within a 3 second total cycle duration. Due to
the viscoelasticity of cartilage [24, 25] the samples were cyclically preloaded for over 2
minutes to reach a steady-state load-displacement response.
For dualMRI, DENSE-FISP acquisitions were obtained to provide a phase-based
measurement of tissue displacement [7]. DENSE imaging parameters included a
displacement encoding gradient area of 2.13 π/mm in x and y directions, and phase
cycling of the second RF pulse for artifact elimination. FISP imaging parameters
included TE/TE=1.92/3.84 ms and (60°, 180°, and 300°) phase advancement to minimize
banding artifacts [1, 7]. Standard (RARE) acquisitions were also obtained of loaded and
unloaded cartilage prior to and following dualMRI to confirm the steady-state loaddisplacement response throughout the time course of imaging. After testing, samples
were removed from device and were fixed in Bouin’s solution (Sigma Aldrich, St. Louis,
MO) for histological assessment (described subsequently).
To compute two-dimensional strains, scans were analyzed using ImageJ (NIH) to
select a region of interest and MATLAB to apply a Fourier transform and phase
correction as described in previous publications [3, 5-7]. Displacement fields and strain
maps were generated in the region of interest containing the cartilage. A signal to noise
(SNR) map was also generated to help create the region of interest to remove areas of low
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SNR. A 1.1 mm wide profile through the cartilage, and centered below the indentor
where maximum compressive strains were expected, was analyzed for peak strains.

1.3.6. Structural Assessment of Cartilage
Following MRI, samples (n=4) were exchanged to 70% ethanol, decalcified, cut
into hemicylinders, paraffin-embedded, and sectioned (5-6 µm thick) to reveal the full
tissue thickness. Tissue sections were stained with Safranin O (0.1%) and Fast Green
(0.001%), and scored for OA severity by two independent observers (KEF and CPN)
using a standard OARSI scoring system [26].
Structural assessment following injurious compression was additionally
performed using samples (n=6) that were flash frozen in liquid nitrogen after incubation
and stored at -80°C. The samples were divided into hemicylinders and weighed. One half
of each sample was digested in papain and used for Dimethyl-Methylene Blue (DMMB)
assay for glycosaminoglycan (GAG) content, while the other half was analyzed by
hydroxyproline assay kit (Sigma Aldrich, St. Louis, MO) for collagen content.
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1.3.7. Statistical Analysis
Data were analyzing using analysis of variance based models in SAS (v.9.3, Cary,
NC). Cell viability in the damage model was analyzed using a single factor ANOVA with
six strain levels (0%, 10%, 20%, 30%, 40% and 50%). Cell viability was further
examined using a two-factor ANOVA with injury level (0% and 50%), condyle location
(load-bearing and non-load-bearing), and their interaction were treated as categorical
factors. To test for differences among independent MRI measures (Exx, Eyy, Exy, T1, T2),
separate ANCOVAs were used with week (1, 2, 3, and 4 weeks), injury level (0% and
50%), and their interaction were treated as categorical factors, and histologically-assessed
OA score and post incubation height were included as a covariates. All response variables
were not transformed because residuals met the assumptions of ANOVA (normally
distributed with equal variances among treatments) without transformation. We compared
the two strain levels (0% and 50%) within each week using a priori planned contrasts. A
correlation analysis comparing both OA score and post incubation height with T1, T2, Exx,
Eyy, and Exy was performed. Additional analysis was run using post incubation heights as
a covariate. Data is plotted as mean  standard error of the mean, with a significance
level of p<0.05.
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1.4. Results

1.4.1. Damage Model
The cartilage from load-bearing regions injured at 50% strain resulted in the
lowest cell viability (Figure 2). The strain level was significant (p< 0.001) with
percentage of living cells between the control and both 40% (p= 0.007) and 50%
(p=0.003) strain were also significant (Figure 2A). The location and injury level were
significant (p<0.006) and is more significant for the load-bearing region (p<0.001) than
the non-load-bearing region (p=0.040) (Figure 2B). The stress curve and strain curve as a
function of time in Figure 1 shows a peak stress of 7.2 ± 0.1 MPa (n=8).

1.4.2. Relaxation Mapping
The relaxivity was not significant for incubation time, injury or their interaction.
Both T1 and T2 were not significant when both OA level and post incubation height were
accounted for (p>0.300) (Figure 3). T1 was strongly correlated with post incubation
height (r=0.569, p=<0.001) and not correlated with OA score (r= 0.074, p=0.686). T2 was
correlated with both post incubation height (r=0.787, p<0.001) and OA score (r=0.380,
p=0.032).
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1.4.3. Strain Mapping
The axial strain (Eyy) changed significantly only with incubation time when post
incubation height and OA score were accounted for (p= 0.008) (Figures 4-5). Further
analysis showed that the injury treatment was significant at three weeks (p=0.023)
(Figure 4B). Eyy strongly correlated with incubation height (r=0.633, p<0.001), but was
not correlated with OA score (r=0.163, p=0.382). The strain in the transverse (Exx) and
shear (Exy) directions were not significant for either factor or interaction (p>0.410)
(Figure 4A, 4C). Additionally, Exx was marginally correlated to the OA score (r= -0.354,
p=0.051).

1.4.4. Structural Assessment of Cartilage
Heights increased with incubation time. Prior to injury there was no significant height
difference between test groups (p=0.437) (Figure 6). After incubation, the weeks were
significant (p<0.001). Sample heights post incubation were normalized with the height
prior to injury and the normalized height was significant (p=0.037). By the second week,
the height had increased by over 50%.
GAG and collagen content changed with incubation time, and collagen content
was significant with injury level (Figure 7). GAG content was only significant with
incubation time (p=0.012) (Figure 7A). Collagen content (hydroxyproline ratio) was
significant at weeks (p<0.001) and strains (p=0.016) independently (Figure 7B). When
the percentage of the total sample weight was accounted for, strain was no longer
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significant for the approximate total collagen content of the sample (p=0.132). Incubation
time remained a significant factor for both GAG (p<0.001) and collagen (p=0.003)
content. The average OA score was 1.969 ± 0.380 and was not significant with either
factor or the interaction (p>0.192) (Figure 8). The mean OA scores for week one were
1.1±0.3 and 2.1±0.7, week two were 0.1±0.1 and 2.1±0.9, week three were 2.3±1.4 and
3.8±1.3, and week four 3.3±1.8 and 1.0±0.6, for control and injured respectively.

1.5. Discussion
The goal of this study was to analyze the intratissue strains after cartilage injury
and prolonged incubation and correlate them with traditional parameters such relaxivity
properties, biochemical composition and microstructure. dualMRI allowed for intratissue
strains to be determined. Some trends were observed although many traditional metrics
did not produce significant differences when incubation height and OA score were taken
into account. The main findings of our paper were: 1) injurious compression lead to
decreased cell viability, 2) dualMRI strains were a sensitive imaging biomarker of
cartilage degeneration, 3) relaxation mapping of T1 and T2 were insensitive to cartilage
degeneration following injury, and 4) structural assessment of cartilage supports dualMRI
findings.
Cell viability decreased with injurious compression of cartilage. This result is
constant with literature where 50% strain was applied at 100%/second strain rate [24, 27-
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32]. The increase cell death may be due to necrosis or apoptosis associated caspase
activity or reactive oxygen species involved in programmed cell death pathways [33, 34].
Peak stresses in our model were lower than the previously shown 22-24 MPa at 50%
strain at a 1/second strain rate [24, 27, 28]. The potential reasons for this difference could
be due to the age of the calf (1-2 week old calves verse 5-7 month old calves) or the
location of harvest (femoropatellar groove verse femoral condyles), but most likely the
difference is from the region of cartilage tested (middle zone only verse full thickness) as
the superficial zone of the cartilage have peak stress at 0.88 MPa and the deeper zones at
13.5 MPa [29]. The presence of the superficial zone could have decrease the bulk stress
in the tissue.
dualMRI strains were a sensitive imaging biomarker of cartilage degeneration. As
compression was the primary loading mode, it is not surprising that there were
differences observed in Eyy suggesting a softening of tissue stiffness for the consistent
load applied. These changes are strongly influenced by the height after incubation. The
height change is likely due to the known swelling phenomena in cartilage that occurs due
the attraction of positively charged water molecules by the negatively charged cartilage
which has been seen in similar damage models [24, 29]. Even after accounting for height
as a covariate in the statistical model, there was still a significant change in the axial
strain over the incubation period. Both collagen and GAG content had a decreasing trend
with incubation time. The decrease in these structural components could be decreasing
the tissue stiffness resulting in higher strains. Additionally, the DMMB and
hydroxyproline assay assess the presence of GAG and hydroxyproline content but do not
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give indication of their structural and functional integrity. With the injury and cartilage
swelling, the collagen and GAG microstructure is likely disturbed but with the dense
structure and small pore size of cartilage, those altered molecules may not be able to
completely diffuse into the media resulting in their presence but not complete
functionality. This may explain results in previous studies that have shown GAG content
to have an initial significant change with injury but have difference from controls no
longer be significant after three days [27, 29]. To better be able to understand how
collagen and GAG influence axial strain with time, it would be beneficial to be able to
directly correlate the collagen and GAG content with strains like we were able to do with
height. Additionally, more information about how the orientation of collagen and GAG
changes with injury and incubation would help to create a better understanding of the
mechanical changes in cartilage. There was no significance changes observer in either Exx
or Exy although there is a slight increasing trend in the magnitude of strain with
incubation time. Using a larger dualMRI loading magnitude or different dualMRI loading
modes (e.g. shear) could enhance the strain differences.
The height change as well as the change in the various parameters indicates a
influence of the cartilage model on incubation time. This influence may not fully
represent the changes that would occur in vivo. Changes such as using a shorter
incubation period or confining the cartilage in a non-free-swelling state are parameters to
consider in future models.
Relaxation mapping of T1 and T2 were not sensitive imaging biomarkers when OA
score and swelling were taken into account. Numerous studies have focused on T1 and T2
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was potential biomarkers (e.g. [14, 18, 35-40]), but our finding that they are not
significant with an ANCOVA. Griebel et. al. have also found relaxivity parameters nonsignificant alone, although the multicontrast combination of relaxivity and dualMRI
remained the best predictor of histologically-assessed OA severity [1, 41]. Prior to
including post incubation height as a covariant, the T1 and T2 parameters were significant
with incubation time. This indicates that these relaxivity parameters are predominately
influenced by the change in height and not GAG or collagen like Eyy. This makes sense as
water, or more specifically hydrogen, content of tissues generally helps define the T1 and
T2 relaxation times for that tissue. The changes that were seen with incubation time could
be due to swelling and decrease collagen which also change with time.
Structural assessment of cartilage supports dualMRI findings. The heights have
been strongly correlated to the Eyy as well as the T1 and T2. The histology had less damage
that expected, with OA scores being mild which may have indicated that the injury and
short incubation time was not sufficient to model a severe diseased state commonly
observed in patients with symptomatic OA. Increasing the strain magnitude and
incubation time would likely produce a model with higher OA
There were several limitations to this study. The small sample size resulted in a
less powerful model. Increasing the sample size within each group would allow for less
influence on the overall data by a single sample. There were several factors that
contributed to the small sample size mainly the time required to for MRI acquisition.
Additionally MRI introduced many challenges with analysis. Even with the use of phase
advancement to minimize FISP-related banding artifacts, there were still many areas of
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low signal-to-noise ratio (SNR) that decreased the displacement and strain precision and
increased error overall. In an attempt to minimize the influence by noisy pixels, the
region of interest was made smaller and only a band of pixels directly below the indentor
were analyzed for strain. Future experiments should try to improve the SNR by
modifying the dualMRI acquisition parameters or adding additional phase advancements
to average over to allow for a better reconstruction. The other major biasing that may
have occurred is the manner in which the tissues were harvested as each one week after
another instead of all at once. The week to week variation, such as shipping conditions,
and increased animal to animal variation could have inadvertently biased the results.
Randomization was employed to try to control some of these factors (e.g. animal
variation between injured and control samples within a week), but many uncontrollable
factors were not accounted for. In future, it may be best to harvest all samples at once and
then perform dualMRI at different time increments. Also focusing on a particular week,
such as week 3, would allow for more resources to increase the samples size by
decreasing the number of blocks.
dualMRI, despite its limitations, still remains as a promising technique to
noninvasively determining changes in intratissue mechanical properties in tissues as it
was able to significantly detect changes that T1 or T2 could not when swelling was
accounted for in the model. Further experiments will be needed on tissues of various
diseased states as well as in vivo models. These future studies can give insight as to some
of the underlying changes that progress into disease caused by biomechanical forces such
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as OA. Not only does dualMRI have the potential to clinically diagnosis disease states, it
could be utilized for tracking progression and treatment of these diseases.
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1.7. Figures

Figure 1. Osteochondral plugs were harvested from load-bearing (LB) and non-loadbearing (NLB) regions of the medial and lateral femoral condyles. Samples were
mechanically injured and incubated for 1-4 weeks and then placed in the MRI followed
by histology or were flash frozen and digested for biochemical assays. Following
experiments, ANOVA and ANCOVA were run on the data.
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Figure 2. Compression injury on samples from the load-bearing region resulted in the
lowest cell viability. The number of live and dead cells was normalized by the total
number of cells. (A) At 40% (p= 0.007) and 50% (p=0.003) strain, injury is significant.
(B) The load-bearing region is more significant (p<0.001) than the non-load-bearing
region (p=0.040) for changes in cell viability after injury. (C, D) Representative images
of cell viability can be seen on the right (green=live cell, red=dead cell) for each applied
strain level (C) and for each injury/location combination (D).
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Figure 3. Relaxivity was insensitive to changes in cartilage following injury. T1 and T2
were both not significant for the injured compared to control at each week (p>0.119).
Both measures did increase with incubation time (p<0.003), but there was no significant
relationship between strain levels at each week.
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Figure 4. Eyy was a sensitive imaging biomarker following cartilage injury. (A) The Exx
was not significant (p>0.101). (B) Eyy was marginally significant interaction (p=0.054)
and were significant at three weeks (p=0.024). C) The Exy model was not significant
(p>0.343).
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Figure 5. Eyy strain was significantly larger in injured samples compared to uninjured
controls at three weeks. Representative images of strain of control and injured samples at
week three are shown. The dashed white line in the top right images shows the region of
interest below the indentor where the peak stains were determined and compared among
all samples.
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Figure 6. Swelling was a significant factor. After incubation, sample heights were
significant with incubation time. (p<0.001). When sample heights post incubation were
normalized with the height prior to injury, the value was significant (p=0.037).
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Figure 7. Collagen and GAG content are not significant. A) GAG ratio (GAG/ wet
weight of cartilage) was not a significant interaction (p=0.451) but is significant with
incubation time (p=0.012). B) The collagen content (hydroxyproline ratio) is significant
at weeks (p<0.001) and strains (p=0.016) independently. A rough calculation of
GAG/sample and hydroxyproline/sample is analyzed, accounting for error in dividing
into hemicylinders, incubation time remains a significant factor for both (p<0.003), but
strain becomes insignificant for collagen content (p=0.132).
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Figure 8. OA score was not significant. Representative histology that was used for OA
scoring. Mean and standard error for week 1 control is 1.1±0.3, week 1 injury 2.1±0.7,
week

3

control

2.3±1.4,

and

week

3

injury

3.8±1.3.

